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A new treatment method for acid mine drainage is described.
Abstract
Pulsed bed treatment of acid mine drainage (AMD) uses CO2 to accelerate limestone dissolution and intermittent ﬂuidization to
abrade and carry away metal hydrolysis products. Tests conducted with a prototype of 60 L/min capacity showed eﬀective removal of
HC acidity over the range 196e584 mg/L (CaCO3) while concurrently generating surplus acid neutralization capacity. Eﬄuent
alkalinity (mg/L CaCO3) rose with increases in CO2 (DC, mg/L) according to the model AlkalinityZ 31.22C 2.97(DC)
0.5, where DC
was varied from 11e726 mg/L. Altering ﬂuidization and contraction periods from 30 s/30 s to 10 s/50 s did not inﬂuence alkalinity but
did increase energy dissipation and bed expansion ratios. Field trials with three AMD sources demonstrated the process is capable of
raisingAMDpHabove that required for hydrolysis and precipitation of Fe3C andAl3C but not Fe2C andMn2C. Numerical modeling
showed CO2 requirements are reduced as AMD acidity increases and when DC is recycled from system eﬄuent.
 2005 Elsevier Ltd.
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Mining processes resulting in acid deposition have
had a signiﬁcant negative eﬀect on aquatic resources in
North America, as well as many other parts of the world,
including the loss of important ﬁsheries (Maree et al.,
1996; Starnes and Gasper, 1995; Cole et al., 2001a,b).
Acid mine drainage (AMD) results primarily from the
dissolution of the metallic sulﬁde FeS2, and its sub-
sequent oxidation to sulfuric acid (Evangelou, 1995).
* Corresponding author. Tel.: C1 304 724 4425; fax: C1 304 724
4428.
E-mail addresses: barnaby_watten@usgs.gov (B.J. Watten), philip_
sibrell@usgs.gov (P.L. Sibrell), m.schwartz@freshwaterinstitute.org
(M.F. Schwartz).
1 Tel.: C1 304 876 2815; fax: C1 304 870 2208.0269-7491 2005 Elsevier Ltd.
doi:10.1016/j.envpol.2005.01.026
Open access under CC BY-NC-ND license.This reaction is followed by the hydrolysis of the product
Fe3C to the insoluble product ferric hydroxide
(Fe(OH)3). Acid generated here and in the ﬁrst oxidation
step forces the solubilization of certain base metals,
including Al3C andMn2C, that contribute acidity as well
as additional solids while undergoing alternate hydroly-
sis reactions (Evangelou, 1995; Hedin et al., 1994).
Mitigation of AMD is achieved through application of
an acid-neutralizing reagent followed by gravity separa-
tion of the solid reaction products (Skousen et al., 1995;
Maree and du Plessis, 1994). Reagent costs, clariﬁer
retention time and sludge yield are minimized when
CaCO3 (limestone) is used as the alkaline reagent (Hedin
et al., 1994; Dempsey and Jeon, 2001; Sibrell andWatten,
2003). Limestone use, however, is severely restricted by
the development of Al3C, Fe3C, Mn2C, and SO4
2 based
scales that restrict transport of reactants and products to
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McDonnell, 1975a; Ziemkiewicz et al., 1997). Fixed beds
of limestone are also prone to the accumulation of solid
reaction products within interstitial voids reducing
hydraulic conductivity as well as eﬀective surface areas
(Pearson and McDonnell, 1975b). Watten (1999) de-
veloped a pulsed limestone bed (PLB) process to
accelerate limestone dissolution rates and to prevent the
accumulation of solids. Water is directed intermittently
through nozzles into limestone sand reactors establishing
a repeating cycle of ﬂuidization, bed turnover and
contraction. Abrasion of scale from limestone surfaces
is provided by collision forces generated hydraulically
during bed expansion circumventing the need for high-
torque drive components associated with rotating drum
reactors (Lovell, 1973; Zurbuch, 1963). Further, the PLB
process uses dissolved carbon dioxide (DC) to accelerate
limestone dissolution by forcing the reaction of CaCO3
with CO2 to form the product bicarbonate
CaCO3CCO2CH2O4Ca
2CC 2HCO3
 (1)
and by increasing the acidity of the AMD within the
reactor so as to sustain the reaction of HC with CaCO3,
i.e.,
CO2CH2O4H2CO34H
CCHCO3
 (2)
CaCO3CH
C4HCO3
CCa2C (3)
Sverdrup (1985) developed an overall dissolution rate
expression for CaCO3 that includes the eﬀect of
Reactions (1) and (3):
dm
dt
Z

k1½HCCk2½CO2Ckw  kb
½CaCCHCO3 
!

3m
rr

ð4Þ
where [ ] refers to the bulk solution concentration, k1 and
k2 are ﬁrst-order reaction constants, kw is a zero order
constant for the reaction of CaCO3 with H2O, kb is
a constant for the backward reaction driven by the
interaction of Ca2C and HCO3
 with CaCO3, m is mass
of particle, r is the density of the limestone and r is particle
radius. Reaction (3), represented by the product k1[H
C],
decreases with increasing pH but remains the primary
mechanism of limestone dissolution up to a pH of about
4.7 (Plummer et al., 1978). At pHO 4.7, limestone
dissolution can be accelerated by increasing DC so as to
exploit Reaction (1), represented here by the product k2
[CO2] (Plummer et al., 1978; Watten et al., 2004a). High
DC levels also elevate equilibrium concentrations of
HCO3
 (Stumm and Morgan, 1996) and thereby allow
for surplus acid neutralization capacity (alkalinity) in the
reactor’s eﬄuent (Hedin et al., 1994; Mitchell and Wilde-man, 1996). DC not reacted away is stripped from the
eﬄuent then reused to minimize make-up CO2 require-
ments (Watten, 1999; Sibrell et al., 2000). Decarbonation
of the eﬄuent reduces acidity providing a desirable
upward shift in equilibrium pH (Pearson et al., 1982).
Watten et al. (2004a) correlated PLB limestone
dissolution rates with reactor pressure (PCO2, range
0e690 kPa), inlet acidity (Acy, range 6e1033 mg/L)
and reactor bed height (H). Sulfuric acid acidity was
neutralized while generating high concentrations of
alkalinity (36e1086 mg/L) despite a hydraulic residence
time of just 4.2e5.0 min. Alkalinity (mg/L CaCO3) rose
with increases in inﬂuent acidity and PCO2 according to
the model:
AlkalinityZaCbðPCO2Þ0:5CcðAcyÞ  dðPCO2Þ0:5ðAcyÞ
where a, b, c, and d are regression coeﬃcients. Alkalinity
decreased at an increasing rate with reductions in H
from 77.5 to 27.3 cm. Using similar methods, Lee (2003)
evaluated the eﬀects of hydraulic residence time (HRT)
and temperature on PLB performance. Alkalinity in-
creased linearly with HRT (HRT range 6e15 min).
Temperature eﬀects on alkalinity were minor e with
PCO2Z209 kPa, alkalinity decreased from 900 mg/L at
12 C to 800 mg/L at 22 C. Pilot scale ﬁeld tests of the
PLB process (Hammarstrom et al., 2003; Sibrell and
Watten, 2003; Sibrell et al., 2000, 2003), have demon-
strated eﬀective treatment of AMD containing un-
usually high concentrations of acidity (1096 mg/L),
and iron (200 mg/L) as well as the potential for side-
stream treatment with blending.
PLB reactors have used positive gage pressures to
increase the saturation concentration of DC and hence
the potential for CO2 dosing (Colt, 1984). Further, the
reactorshavebeen linked, ina closed loop, toacarbonator
that maintains target DC concentrations during treat-
ment despite conversion of CO2 to reaction products. In
the present study, we evaluate performance of PLB
reactors designed to operate at atmospheric pressure
without water recirculation so as to reduce system
complexity and perhaps allow un-attended operation in
remote ﬁeld applications. Speciﬁcally, we test the eﬀects
of intermittent ﬂuidization (pulsing sequence), hydraulic
loading rate and CO2 dosing on eﬄuent alkalinity.
Further, we follow changes in water chemistry across
the system when treating AMD from four diﬀerent ﬁeld
sites both with and without CO2 pretreatment.
2. Materials and methods
2.1. Test Series I e laboratory trials
Two replicate PLB systems were constructed each
capable of processing 60 L/min. Fig. 1 shows the system’s
297B.J. Watten et al. / Environmental Pollution 137 (2005) 295e304Fig. 1. Elevation view of the test system used to evaluate performance of intermittently ﬂuidized beds of limestone sand. The center column is shown
without limestone to illustrate the position of the down leg used to distribute inﬂuent AMD.major components e three 16 cm diameter! 264 cm
vertical reaction columns (clear plastic) charged with
granular limestone, a 3.8 cm diameter feed solution
manifold, a time-based electronic control system (Chron-
Trol Corp., San Diego, CA, USA) used to direct the
system’s electrically actuated ball valves (Electromni
ASAHI, Malden, MA, USA), a 0.25 m3 feed solution
sump and a 1.4 kW submersible pump (Goulds Pumps,
Inc., SenecaFalls,NY,USA). Test systemswere plumbed
so that a single sump/pump could support, if needed, both
replicate systems. Reaction columns were each charged
with 18 kg of limestone sand rinsed prior to use with well
water (TZ 9 C) at a hydraulic loading rate of 1240
L/m2/min for 45 min. Settled bed heights ranged between
52 and 53 cm. The limestone sand used (Bell Mine Glass
Stone #1, Bellefonte Lime Co., Bellefonte, Pa, USA) was
96.9% CaCO3, had an eﬀective size (D10) of 159 mm, and
a uniformity coeﬃcient (D60/D10) of 3.3. Bed expansion
and contraction was achieved by directing ﬂow intermit-
tently through a 1.3 cm diameter oriﬁce positioned at the
base of each column. Reactor eﬄuent spilled into
a standpipe ﬁxed at the top of each column then was
shunted into a drain manifold or released independently
depending on test conditions. Feed solutions were
acidiﬁed by mixing reagent grade sulfuric acid with well
water at a rate ﬁxed by the speed of a peristaltic pump
(Barnant Co., Barrington, IL, USA). Feed solution DC
was increased, when required, by directing well water
through a packed tower type carbonator (Watten, 1999)
receiving a regulated ﬂow of CO2 from a compressed gas
cylinder or Dewar-type storage tank.Eﬀects of CO2 pretreatment on system performance
were evaluated by establishing reactor feed DC concen-
trations of 11, 109, 205, 447, and 726 mg/L at a common
hydraulic loading (228 L/m2/min). Valve timing main-
tained a repeating cycle of ﬂuidization and contraction
with durations of 20 s and 40 s, respectively. Three test
columns were operated in parallel with eﬄuents
combined to provide a single discharge. Two observa-
tions were made under each set of test conditions. Valve
timing eﬀects on performance were evaluated in
a separate test by establishing ﬂuidization and contrac-
tion durations of 10 s/50 s, 20 s/40 s and 30 s/30 s.
Hydraulic loading (average) was ﬁxed at 373 L/m2/
min. Here three columns were operated independently
during trials with each of the three test timing sequences.
Feed solution DC was not elevated above normal well
water concentrations (11 mg/L) but acidity was in-
creased to 200 mg/L. This same acidity level was used
to evaluate the eﬀects of hydraulic loading on the
performance of three columns operated independently
as conventional ﬂuidized beds, i.e., without pulsing.
Observations here were made at a hydraulic loading rate
of 571, 766 and 896 L/m2/min. We then compared the
performance of ﬁve columns operated independently in
both the ﬁxed ﬂow and intermittent ﬂuidization modes
(20 s ﬂuidization, 40 s contraction). In all cases hydrau-
lic loading was 676 L/m2/min with an inlet acidity of
about 550 mg/L. DC was not elevated in this test, but
DC was elevated in a second comparison of columns
operating with and without intermittent ﬂuidization. In
this case DC was maintained at ambient, 418 and
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columns was operated intermittently with ﬂuidization
and contraction periods of 20 s and 40 s, respectively,
while the second column, operated in parallel, received
ﬂow continuously. The feed solution was AMD (Antrim
Mine, Tioga County, PA, USA) trucked to our labora-
tory then introduced at a common hydraulic loading rate
of 622 L/m2/min. The temperature and acidity of the
drainage was 12.8 C and 340 mg/L. Two observations
were made under each set of test conditions.
Treatment eﬀect in all tests was established by
comparing inﬂuent with eﬄuent chemistry. Eﬄuent
samples were composites taken at a ﬁxed rate during
a complete treatment cycle. Analyses followed APHA
(1995) and included temperature, pH, alkalinity, DC
and acidity. Water ﬂow rate was determined by
measuring time required to ﬁll a container of known
volume. Hydraulic residence time was calculated as the
total reactor volume, minus limestone volume, divided
by inﬂuent ﬂow rate. Hydraulic loading rate was
calculated as the average total reactor ﬂow rate divided
by the total cross-sectional area of the columns in use.
2.2. Test Series II e ﬁeld trials
Field tests of the PLB prototype were completed in
cooperation with the Pennsylvania Department of
Environmental Protection at the Toby Creek AMD
Treatment Plant, Dagus Mines, PA, USA. AMD from
Portal A, located immediately adjacent to the treatment
plant, was pumped concurrently through each of the six
columns. Three were operated with a carbonation pre-
treatment step (inlet PCO2Z135 mmHg) and three were
operated without pretreatment (inlet PCO2Z9 mmHg).
All columns were evaluated at a hydraulic loading rate
of 300e320 L/m2/min. Inﬂuent and eﬄuent samples
(three per treatment) were taken over the course of
a 7.6 h test period. A second test established process
performance when treating AMD trucked to the plant
from each of the two additional sources identiﬁed here
as Brandy Camp and Kyler Run. In both cases, inﬂuent
and eﬄuent samples (three) were obtained from single
columns (no CO2 addition) operating over a test period
of about 6 h. Here the hydraulic loading rate was held
within the range 330e340 L/m2/min. Single columns
were used to minimize AMD trucking requirements.
Fluidization and contraction periods in all tests were
60 s and 120 s, respectively. Settled bed heights ranged
between 66 and 80 cm. Limestone was replaced in the
test columns after completion of each AMD source
speciﬁc test series. Prototype performance was assessed
as in Test Series I except inﬂuent and eﬄuent chemistry
analyses were performed by the PA Department of
Environmental Protection, Harrisburg PA. Analyses
were based on EPA (1983) methods and included pH,
alkalinity, hardness, Ca2C, Fe (total iron), Fe2C, Mn2C,Al3C, and acidity (hot peroxide treatment). Eﬄuent
samples were analyzed following a 7 min air-stripping
step both with and without subsequent ﬁltering through
a glass ﬁber ﬁlter (1.5 mm pore size). Metal removals
were calculated based on diﬀerences in concentration
between the inﬂuent and ﬁltered eﬄuent samples.
Inﬂuent temperature and dissolved oxygen were mea-
sured with a polarographic oxygen meter (Yellow
Springs Instrument Co., Yellow Springs, OH, USA).
Inﬂuent CO2 tension (mmHg) was determined with
a headspace analyzer (Watten et al., 2004b) coupled
with an infrared CO2 gas phase meter (CEA Instru-
ments, Emerson, NJ, USA). Local barometric pressure
was measured with a pressure transducer (Solomat
Partners Ltd, Stamford, CT, USA).
Statistical analyses supporting all tests were com-
pleted using either Sigma Stat (version 2.0) or Table
Curve 2D (version 5.0) software. Speciﬁc analyses in-
cluded Student’s t, one-way ANOVA, two-way repeated
measures ANOVA, linear regression, Tukey’s test and
the ManneWhitney rank sum test.
3. Results
3.1. Test Series I e laboratory trials
Fig. 2 shows the eﬀects of CO2 addition on eﬄuent
alkalinity when operating with a timing sequence of
20 s/40 s (ﬂuidization/contraction) and a hydraulic load-
ing rate of 228 L/m2/min (HRTZ 9.8 min). Eﬄuent
alkalinity increased to a high of 114.4 mg/L with
increases in DC following the model:
AlkalinityZ31:217C2:972ðDCÞ0:5
R2Z0:985; P!0:001; DFZ9; FZ515:27 ð5Þ
Fig. 2. Eﬀect of inﬂuent CO2 concentration (DC) on eﬄuent alkalinity
(Test Series I).
299B.J. Watten et al. / Environmental Pollution 137 (2005) 295e304Fig. 3. Eﬀects of reactor timing sequence and hydraulic loading rate on eﬄuent alkalinity (Test Series I). Standard errors are listed as SE.Fig. 3 shows the eﬀects of timing sequence on eﬄuent
alkalinity when feed solution acidity was increased to
a mean of 202 (SD 4.7) mg/L. Eﬄuent alkalinity
averaged 42.2 mg/L with a pH range of 5.85e6.09.
Diﬀerences between alkalinity established with timing
sequences of 10 s/50 s, 20 s/40 s, and 30 s/30 s (Fig. 3)
were not statistically signiﬁcant (PO 0.05). Expanded
bed heights, as a percent of settled bed height, were
correlated with timing sequence despite use of a common
average hydraulic loading rate (HRTZ 6.0 min):
Bed Expansion ð%ÞZ73:922 ð0:985ðsec fluidizedÞÞ
R2Z0:968; P!0:001; DFZ8; FZ104:753 ð6Þ
Also shown in Fig. 3 is the response of alkalinity to
changes in hydraulic loading rate over the range 571e
896 L/m2/min when columns were operated in the ﬁxed
ﬂow mode (HRTZ 2.5e3.9 min). Here, inlet acidity was
196 (SD 2.0) mg/L. Eﬄuent alkalinity averaged 34.2 (SD
3.63) mg/L and did not diﬀer signiﬁcantly among
treatment groups (PO 0.05). Bed expansion ratios were
24, 64, and 100% for hydraulic loadings rates of 571, 766,
and 896 L/m2/min. Inlet acidity was increased to 584 (SD
26.1) mg/L during tests comparing performance of ﬁve
columns operated in both the ﬁxed ﬂow and intermittent
ﬂuidization modes (HRTZ 3.3 min). Eﬄuent alkalinity
established for columns operating with a timing sequence
of 20 s/40 s averaged 48.4 (SD 1.74) mg/L and was
signiﬁcantly lower (P! 0.001) than the average estab-
lished with a ﬁxed ﬂow (58.7 (SD 0.51) mg/L). In-
termittent ﬂuidization, however, provided expanded bed
heights that were greater (P! 0.001) than bed heights
maintained by the ﬁxed ﬂow operating mode e the mean
bed expansion ratio was 105.1% with intermittent
ﬂuidization and 61.3% for the ﬁxed ﬂow case. While
inﬂuent DC was not elevated in this test, it was in the
second comparison of alkalinities (Table 1) established
with intermittent and ﬁxed ﬂow rates (HRTZ 3.6 min).
Alkalinity ranged from 25.7 to 92.0 mg/L with inlet andeﬄuent pH ranges of 2.96e3.02 and 5.23e5.58, re-
spectively. Overall, DC had a positive signiﬁcant eﬀect
(P! 0.001) on alkalinity but operating mode eﬀects on
this same variable were not signiﬁcant (PO 0.05). A
temperature increase of %1 C was observed across the
system under each of the test conditions evaluated.
3.2. Test Series II e ﬁeld trials
Table 2 gives changes in water chemistry across the
PLB system when treating Source A AMD with and
without CO2 pretreatment (HRTZ 7.0e7.4 min). In-
ﬂuent temperature, dissolved oxygen and local baromet-
ric pressure ranges were 9.5e9.8 C, 3.0e3.8 mg/L and
719e720 mmHg. Expanded bed heights represented
186e201% of settled bed heights. CO2 pretreatment
increased (P! 0.01) eﬄuent pH and alkalinity from
means of 6.5 to 6.9 and from 58.7 to 149.3 mg/L.
Associated increases in Ca2C with CO2 addition were
also signiﬁcant (P! 0.05). However, CO2 pretreatment
did not aﬀect (PO 0.05) Al, Fe, and Mn removals
calculated based on inﬂuent and ﬁltered eﬄuent samples.
The mean removal values here were: Al, 98.6%; Mn,
0.0%; Fe, 81.4%. Fe2C removal was higher with CO2
pretreatment than without (P! 0.05) e 35.1% versus
16.2%. Filtration did not (PO 0.05) inﬂuence eﬄuent
Table 1
Comparison of pulsed and ﬁxed ﬂow rates on column eﬄuent
alkalinity (mg/L as CaCO3) when treating antrim mine AMD
Test condition Eﬄuent alkalinity Group meanG SE
Pulsed ﬂow Fixed ﬂow
No CO2 addition 31.8 (0.4) 25.7 (2.6) 28.7G 0.52
CO2 addition
DCZ 419 mg/L 58.5 (2.1) 63.5 (3.5) 61.0G 0.52
DCZ 572 mg/L 85.8 (3.2) 92.0 (2.1) 88.9G 0.52
Group meanG SE 58.7G 0.44 62.4G 0.44
Values are means (NZ 2) followed in parentheses by standard
deviations.
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ables were present primarily as dissolved solids.
Table 3 gives changes in water chemistry across the
PLB system when treating AMD from Brandy Camp
and Kyler Run (HRTZ 6.6e6.8 min). Inﬂuent water
temperature at both sites was similar ranging between
10.2 and 10.8 C. DO averaged 3.6 mg/L in the Brandy
Camp source and 5.7 mg/L in the Kyler Run source.
Calculated Al3C removal eﬃciencies, based on a com-
parison of inﬂuent versus ﬁltered samples, were high in
all tests ranging between 96.1 and 97.6%. However,
corresponding Fe2C and Mn removal eﬃciencies were
low, averaging, respectively, 9.8% and 14.0% for
Brandy Camp and 13.9% and 0.0% for Kyler Run.
Iron was present in both AMD sources primarily as
Fe2C and so removal of Fe (total) was also low (7.0e
16.8%). The low Fe2C and Mn removal rates no doubt
contributed to the residual acidities observed.
4. Discussion
4.1. Limestone dissolution
The PLB process was designed to circumvent
armoring by iron and aluminum based precipitates by
Table 2
Eﬀect of inlet PCO2 on changes in water chemistry across the test
system when treating source A AMD at Toby Creek
Variable I PCO2Z9 mmHg PCO2Z135 mmHg
EF EF
pH 3.2 (0.0) 6.5 (0.0)** 6.9 (0.1)**
Acidity, mg/L 215.3 (8.1) 0.0 (0.0) 0.0 (0.0)
Alkalinity, mg/L 0.0 (8.1) 58.7 (5.0)** 149.3 (6.1)**
Al, mg/L 14.8 (1.5) 0.2 (0.2) 0.2 (0.1)
Fe2C, mg/L 3.7 (0.2) 3.1 (0.1)* 2.4 (0.4)*
Fe, mg/L 16.1 (1.0) 3.2 (0.1) 2.8 (0.2)
Mn, mg/L 6.0 (0.3) 6.2 (0.5) 5.8 (0.4)
Ca, mg/L 83.2 (5.3) 176.7 (14.5)* 217.1 (11.6)*
EF values marked with an asterisk are signiﬁcantly diﬀerent
(IZ inﬂuent mean; NZ 3e6; EFZ eﬄuent ﬁltered mean, NZ 3).
*P! 0.05.
**P! 0.01.increasing limestone dissolution with elevated DC and
by creating hydrodynamic conditions that keep particle
surfaces clean of hydrolysis reaction products. Carbon-
ation accelerates limestone dissolution by maintaining
a higher mean HC concentration within the reactor (Eq.
(2)) while forcing the reaction of CaCO3 with CO2 to
form bicarbonate alkalinity (Eq. (1)). Fig. 2 shows
alkalinity increased with DC concentration following
the model yZ aC b(DC)0.5 over the DC range 11e
726 mg/L. This model form agrees with that reported
for the early PLB system conﬁguration (Watten et al.,
2004a), but model coeﬃcients established in the present
study were relatively low despite our 2.3-fold increase
in HRT e 9.8 versus 4.2 min. Our regression-derived
intercept and slope values were, respectively, 31.15 and
14.63 for the present study and 39.73 and 39.24 for the
data set from Watten et al. (2004a) when DC is
expressed as a partial pressure (PCO2 , kPa) based on
Colt (1984). Model use indicates eﬄuent alkalinity will
represent about 58% of that predicted for the early PLB
conﬁguration when operating at the same PCO2 . The
reduced sensitivity to PCO2 observed is probably related
to our use of a PLB conﬁguration that did not include
an internal recirculation loop. The latter provides for
a more uniform level of DC throughout the treatment
cycle despite conversion of CO2 to bicarbonate (Eq. (1)),
but requires additional valving and energy input.
Fig. 4 compares the eﬄuent alkalinity observed (line
A) with that predicted (9 C) at equilibrium (lines B, C,
D) using geochemical modeling software (Parkhurst,
1995). All data show a dependence on DC although PLB
data are well below the equilibrium concentrations
shown. Line B, for example, gives the predicted
saturation concentration of alkalinity that corresponds
to speciﬁc DC concentrations when CO2 is not limited to
the initial charge provided by pretreatment, i.e., when
a recirculation loop is used that includes a carbonator
designed to maintain a target level of DC throughout
the treatment cycle. Diﬀerences between lines A and B
increase with DC. At about the mid-point of the DC
range tested (DCZ 352 mg/L) the eﬄuent alkalinity
we observed represents just 15% of that predicted at
equilibrium i.e., 87 versus 579 mg/L. Line C showsTable 3
Eﬀect of AMD source on changes in water chemistry across the test system (IZ inﬂuent mean, NZ 3; EFZ eﬄuent ﬁltered mean, NZ 3)
Variable Brandy Camp Kyler Run
I EF I EF
pH 4.8 (0.1) 6.2 (0.2) 3.9 (0.1) 6.3 (0.1)
Acidity, mg/L 177.3 (7.6) 64.0 (3.5) 126.7 (10.1) 8.9 (0.9)
Alkalinity, mg/L 5.0 (1.1) 38.0 (6.0) 0.0 (0.0) 51.3 (6.4)
Al, mg/L 5.1 (0.5) 0.2 (0.2) 8.4 (0.9) 0.2 (0.2)
Fe2C, mg/L 54.9 (1.2) 49.5 (2.8) 10.8 (0.3) 9.3 (1.4)
Fe, mg/L 53.0 (3.5) 49.3 (2.7) 11.3 (1.4) 9.4 (0.3)
Mn, mg/L 8.6 (0.5) 7.4 (2.3) 8.2 (0.8) 8.2 (0.2)
Ca, mg/L 126.7 (5.9) 161.3 (2.1) 82.7 (6.0) 116.8 (20.3)
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limited to that provided by an initial pretreatment
charge e without secondary production of CO2 via
Reactions (2) and (3). In this case, line A represents 20%
of the 433 mg/L predicted (line C) at the same mid-point
DC level (352 mg/L). The diﬀerence between alkalinity
estimates for cases B and C (146 mg/L) represents the
alkalinity increase provided by use of a recirculation
loop. Further, diﬀerences between alkalinities predicted
for case C and our observations (line A) represent un-
utilized reaction potentials that result from use of a short
HRT.
HRT can be increased, when needed, through use of
reactors that allow an elevation in settled bed height
beyond the 52e53 cm used in our tests. For example,
Sibrell et al. (2000) observed a signiﬁcant increase in
alkalinity with increasing PLB bed height (range 30e
60 cm), at each of four test operating pressures (0, 34,
82, 118 kPa) as described by the relation: alkalinity
(mg/L)Z 2.113 (kPa)C 4.38 (cm) 138, where R2Z
0.934. A second series of PLB tests with simulated AMD
at 140 kPa have been conducted over the bed height
range 27.3e77.5 cm (Watten et al., 2004a). In this case
alkalinity increased with bed height following the model:
alkalinity (mg/L)Z 622(1 e0.0342(cm)), where R2Z
0.881. Both models predict alkalinity will be increased
by a factor of about 1.4 as bed height is increased from
30 to 60 cm. Alternatively, Lee (2003) increased HRT by
reducing the hydraulic loading rate during the rinse/
recharge period of the original PLB process. Eﬄuent
alkalinity increased linearly with HRT, e.g., from
300 mg/L at HRTZ 6 min to 500 mg/L at 15 min
(PCO2Z34:4 kPa; TZ 12
C). In our tests without
intermittent ﬂuidization, however, increasing HRT by
Fig. 4. Comparison of alkalinity observed in Test Series I (line A) with
that predicted when the DC concentration is ﬁxed (line B, sulfuric acid
acidityZ 0 mg/L) and when the DC available is limited to the initial
pretreatment concentration (line C, sulfuric acid acidityZ 0 mg/L)
as well as that generated by acid attack (line D, sulfuric acid
acidityZ 1000 mg/L).reducing hydraulic loading rate did not have a signiﬁcant
eﬀect on eﬄuent alkalinity (Fig. 3). The independence of
eﬄuent alkalinity and HRT probably resulted from
compensating changes in the active volume of the
reactor, as well as the ﬁrst-order rate constant k1 that
controls the reaction of hydrogen ions with calcite (Eq.
(4)). This reaction is considered to be rate limited, at low
pH, by the diﬀusion of reactants to and from reactive
surfaces. The constant k1 is then deﬁned by hydrody-
namic conditions and temperature as described by the
relation (Sherwood et al., 1975; Sverdrup, 1985):
k1Z
D
r

1C0:3Re1=2Sc1=3
 ð7Þ
where D is ion diﬀusivity, and Re and Sc are the
Reynold’s and Schmidt numbers, respectively, i.e.,
ReZV2r/m, ScZ m/Dr, mZ kinematic viscosity and
rZ density. Inspection of Eqs. (4) and (7) reveals the
reaction of HC with calcite is accelerated with increasing
turbulence (Re) following the relation (V)0.5, e.g., when
the eﬀects of hydraulic loading rate were evaluated, in
our tests, over the range 571e896 L/m2/min, upﬂow
velocity increased from 0.95 to 1.49 cm/s and k1 would
be expected to increase by a factor of 1.25 (Eq. (7)).
Further compensation for a rising hydraulic loading rate
is provided by a linked increase in expanded bed height.
This response maintained, in our case, a uniform HRT
(1.2 min) within the active or expanded limestone bed
zone of the reactor. HRT in a ﬁxed ﬂow application can
also be manipulated by changing the radius of the
limestone particles. Reducing particle size lowers ﬂuid
ﬂux rates required for a target bed expansion ratio
(Weber, 1972; Summerfelt and Cleasby, 1993) while
increasing the reactive surface area within the bed (Eq.
(4)). This response, however, can limit turbulence and
interparticle collision forces (Cleasby and Baumann,
1977) needed to avoid excessive scaling of limestone
surfaces like that observed by Ghem (1944), Maree et al.
(1992) and Maree and du Plessis (1994).
Our tests with alternative timing sequences indicate
this variable does not inﬂuence eﬄuent alkalinity, at least
over the range of conditions tested (Fig. 3). Introducing
the feed solution over a relatively short duration does,
however, increase the pressure drop across the reactor
oriﬁces providing higher levels of energy dissipation/
mixing in those cases where armoring or fouling is of
concern. For example, the hydraulic loading rate with
timing sequences of 10 s/50 s, 20 s/40 s and 30 s/30 s was,
respectively, 2238, 1119, and 746 L/m2/min during the
bed expansion phase of the cycle with corresponding
mean energy dissipation rates of 271, 68, and 30 w/m3
(Mott, 1979). Higher hydraulic loading rates also provide
a greater degree of bed expansion assisting in the
displacement of dislodged solids from the reactor.
Intermittent ﬂuidization may retard, however, limestone
dissolution in those caseswhere armoring or fouling of the
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mine water at each of threeDC concentrations showed no
signiﬁcant reduction (PO 0.05) of eﬄuent alkalinity with
pulsing (Table 1) but comparisons (NZ 5) based on
treatment of acidiﬁed well water did show a signiﬁcant
reduction (P! 0.001) with pulsing. The reductions
observed in this case are probably related to changes in
the reactor operatingmode (Weber, 1972) from the pluge
ﬂow type associated with conventional ﬂuidized sand
beds (Rittmann, 1982) to an intermittently operated
mixed ﬂow reactor type that no doubt models ﬂow
behavior in the PLB reactors. Plugeﬂow reactors provide
superior conversion of reactants to products when
reaction rates, like those associated with limestone
dissolution (Eq. (4)), increase with reactant concentration
(Levenspiel, 1979; Rittmann, 1982).
4.2. Field trials
Table 2 data show eﬀective AMD treatment during
short-term runs at the Toby Creek test site (Portal A).
The HRT maintained here (7.0e7.4 min) represents
a small fraction of that required by alternative ﬁxed bed
reactors like the anoxic drain (HRTZ 16e192 h, Hedin
et al., 1994). Eﬄuent quality improved with CO2
addition but water was net alkaline with an acceptable
pH in both cases evaluated. As expected, the alkalinity
established without CO2 addition (58.7 mg/L) was lower
than that reported for a standard PLB reactor (one that
included a recycle loop) treating the same AMD source
without CO2 input e 80 mg/L (Watten et al., 2004a). In
both PLB conﬁgurations, however, the removal of Al
and Fe with sample ﬁltering was high and similar,
ranging between 97.2e98.6%, and 80.1e85.0%. Re-
moval of Fe2C and Mn2C was also similar but low
ranging between 16.2e22.3% and 0e11.2%. The low
removal rate of Fe2C and Mn2C is related to the
inability of the PLB and other limestone based
treatment processes to raise AMD pH above that
required for hydrolysis and precipitation of these metals
(Evangelou, 1995). This limitation is evident in the
Brandy Camp and Kyler Run data summarized in
Table 3 as well as PLB data reported for Antrim Mine
(Cole et al., 2001a,b), Toby Creek (Sibrell et al., 2000)
and Friendship Hill (Sibrell et al., 2003) AMD. When
required, complete removal of Fe2C and Mn2C will
require a pre- or posttreatment oxidation step based on
use of reagents or biochemical reactors like those
described by Lovell (1973) and Rose et al. (2003). In
pre- versus posttreatment oxidation applications, the
acidity generated is neutralized by limestone within the
PLB reactors and can therefore reduce the CO2 feed rate
required for a target eﬄuent alkalinity concentration
(Watten et al., 2004a). Line D in Fig. 4, for example,
gives saturation concentrations of alkalinities predicted
for the case when CO2 is provided by an initialpretreatment charge and by the neutralization of acidity
(1000 mg/L) with limestone within the PLB reactors
(Reactions (1)e(3)). Acid neutralization here shifts
alkalinity well above that predicted for the case where
CO2 is limited to an initial pretreatment charge (line C)
e without CO2 input, line D predicts an equilibrium
alkalinity of about 400 mg/L that corresponds to
a pretreatment CO2 charge (line C) of 345 mg/L. The
eﬀects of acid neutralization and other important
operating conditions on required CO2 feed rates can
be predicted by performing a material balance on CO2
like that described by Watten et al. (2004a), e.g.,
dissolved carbon dioxide in the reactor’s eﬄuent
[CO2]Eﬄuent, is related to the AMD source concentration
[CO2]AMD, the carbonator mass transfer rate (MCO2=L)
and the net increase in DC that occurs following acidity
(Acy) neutralization and eﬄuent alkalinity (Alk) pro-
duction (0.44(AcyAlk)):
½CO2EffluentZ½CO2AMDCðMCO2=LÞC0:44ðAcyAlkÞ
ð8Þ
Eﬄuent alkalinity, in turn, has been described by the
model form AlkZ a1C b1(DC)
0.5 (Eq. (5)), where a1
and b1 are regression coeﬃcients developed for a speciﬁc
AMD source. Combining this model with Eq. (8), and
assuming a mixed liquid phase within the reactor, allows
calculation of required carbonator gas feed rates for
a target eﬄuent alkalinity:
MCO2
L
Z

Alk a1
b1
2
 0:44ðAcyÞC½CO2AMD ð9Þ
The ratio MCO2=L can be reduced, or in some cases
eliminated, through transfer of CO2 from system eﬄuent
to system inﬂuent (Watten, 1999). Letting E indicate the
selected eﬃciency of the recycle step, as a decimal
fraction, results in the following expression for the
required carbonator gas transfer rate:
MCO2
L
Z

Alk a1
b1
2


E

Alk a1
b1
2
C0:44ðAcyAlk ðE ÞÞC½CO2AMD

ð10Þ
Fig. 5, lines A and B show the positive eﬀect of increases
in acidity and CO2 recycling on CO2 feed requirements as
predicted by Eq. (10). In this example, we assume
[CO2]AMDZ 30 mg/L and that alkalinity yield follows
Eq. (5). Note that as acidity increased from 0 to
200 mg/L with EZ 0, MCO2=L decreased from 361 to
273 mg/L. The latter was reduced further to lows of 88
and 0 mg/L, respectively, as E approached 0.78. A
[CO2]AMD well above the air saturation concentration
is common in AMD (Hedin et al., 1994; Jageman et al.,
1988; Pearson et al., 1982), and represents, with
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be conserved prior to treatment. Jageman et al. (1988),
for example, give carbonate concentrations for waters
released from three coal mines that show [CO2]AMD
concentrations of about 200, 290 and 340 mg/L.
Increasing the [CO2]AMD in our example (Fig. 5) from
30 mg/L (line B) to 150 mg/L (line C) reduces CO2 feed
requirements in all cases by 120 mg/L and shifts the E
value required for MCO2=LZ0 from 0.78 to 0.44. CO2
recovery is accomplished with equipment providing
gaseliquid interfacial area within isolated gas transfer
chambers including spray towers, packed towers and
enclosed surface agitators (Watten, 1999; Sibrell et al.,
2000, 2003; Vinci, 2003). The degree of recovery (E ) is
increased by staging and control of vacuum/pressure
within individual stripper and absorber components
(Watten, 1999). Selection of the least costly set of
operating conditions, including E, will be related to
local costs of CO2, power, reactor capital (amortized)
as well as the sensitivity of eﬄuent alkalinity to
increases in DC (Eq. (5)).
5. Conclusions
We evaluated a pulsed limestone bed treatment
process modiﬁed to reduce system complexity so as to
broaden the scope of potential applications in the ﬁeld.
Combined, our data demonstrate performance, as
measured by limestone dissolution rate, is relatively
insensitive to changes in hydraulic loading rate and
reactor operating mode such as timing sequence, but can
be enhanced by increasing inﬂuent DC. The CO2 feed
rate required for a target alkalinity can be reduced or
eliminated through conservation of CO2 present in the
Fig. 5. Model predicted CO2 feed requirements versus eﬃciency
of CO2 recovery (E ) for the case where inlet acidityZ 0 mg/L
and [CO2]AMDZ 30 mg/L (line A), inlet acidityZ 200 mg/L and inlet
[CO2]AMDZ 30 mg/L (line B) and inlet acidityZ 200 mg/L and inlet
[CO2]AMDZ 150 mg/L (line C).AMD and through the recovery and reuse of CO2 in
system eﬄuent. Increases in pH across the system
provide for the hydrolysis and removal of Fe3C and
Al3C, but not Fe2C and Mn2C. Neutralization of acidity
associated with FeC2 and Mn2C, when present, will
require a pretreatment step based on use of oxidizing
reagents or biochemical reactors. Our short-term tests
with AMD acidities of 127 mg/Le340 mg/L showed
good treatment without signs of armoring but longer-
term trials should be conducted to determine the
suitability of the modiﬁed process for treatment of
a speciﬁc AMD source. Alteration of the timing
sequence used to ﬂuidized limestone within the reactor
provides control of energy dissipation/mixing in those
cases where armoring is of concern. The HRT required
for treatment (HRT! 10 min) represents a small frac-
tion of the HRT required for alternative ﬁxed beds of
coarse limestone like the anoxic drain (HRTO 16 h)
providing a potential for savings in costs associated with
reactor volume.
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